In recent years, a growing consensus is emerging that the mechanical microenvironment of tumors is far more critical in the onset of tumor, tumor progression, invasion, and metastasis. Matrix stiffness, one of the sources of mechanical stimulation, affects tumor cells as well as non-tumor cells in multiple different molecular signaling pathways in solid tumors such as colorectal tumors, which lead to tumor invasion and metastasis, immune evasion and drug resistance. This review will illustrate the relationship between matrix stiffness and colorectal cancer from the following aspects. First, briefly introduce the mechanical microenvironment and colorectal cancer, then explain the origin of colorectal cancer extracellular matrix stiffness, and then synthesize the study of matrix stiffness of colorectal cancer in recent years to elaborate the effects of extracellular matrix stiffness in colorectal cancer's biological behavior and signaling pathways, and finally we will discuss the transformation treatment for the matrix stiffness of colorectal cancer. An in-depth understanding of matrix stiffness and colorectal cancer can help researchers conduct further experiments to find new targets for the treatment of colorectal cancer.
One of the most striking features of solid tumors is that their internal tumor cells are constantly affected by mechanical stimuli, which are more pronounced in colorectal cancer because such mechanical stimuli come from a variety of different aspects. 1, 2 A recent review wrote by Ciasca et al, 3 attributes mechanical stimuli to three aspects: compression, matrix stiffness, and fluid mechanics. 4 The sources of mechanical stimulation of colorectal cells are broadly classified into four categories: First, the gastrointestinal tract itself has undergone a lot of endogenous mechanical stress. These physiological stresses are derived from villus motility, peristalsis, interaction with the contents of the intestinal cavity, and mucosal remodeling and healing. 5 Second, in the progression of colorectal cancer, the pathological proliferation of tumor cells combined with the inhibition of apoptosis makes the pressure inside the tumor increase sharply. 6 Third, the increased deposition of ECM, as well as collagen cross-linking together with the decrease of matrix degradation mediated by MMRs promotes the ECM stiffness. Fourth, the activation and increased number of fibroblasts produce more endogenous stress. All of these factors ultimately led to the construction of an extremely complex mechanical microenvironment in colorectal cancer.
Mutations in genes initiate the process of colon cancer, and previous studies have focused on the biochemical aspects of colon cancer cells. 7, 8 The role of biomechanics in tumorigenesis has been underestimated. With the development of methodology in colon cancer research, people gradually realized the indispensable role of mechanical factors in the progression of colorectal cancer. Indeed, the mutation of the gene triggers the onset of tumors, but further progression also depends on the effects of biomechanics. Edwards et al, 9 found that the growth of epithelial cells under the activating mutation of the Wnt cascade could produce sufficient compressive stress to cause colonic crypt flexion, which in turn led to subsequent deformation, budding, and crypt fission. Nelson et al, 10 built a bilayer model to attach the growing cell layer to a thin compressible elastic beam, further confirmed the hypothesis that the mechanical effects of epithelial growth lead to the flexion of the colonic crypt.
The mechanical microenvironment of colorectal cancer not only participates in tumorigenesis but also plays a vital role in the process of tumor metastasis. As early as 2002, McCarty et al found that collisions in the hydrodynamic environment can increase the platelet-colon cancer cell adhesion, thereby increasing the blood-borne metastasis of colon cancer. 11 A recent review 3 details the relationship between colon cancer metastasis and mechanical microenvironment. Metastasis of colon cancer requires overcoming two mechanical stresses: the first is migration through the degraded ECM, the second is the shear stress after intravasation. The strategy for colon cancer cells to overcome these two mechanical stresses is to overexpress integrin and integrin E-cadherin, thereby increasing the adhesion of tumor cells and microenvironment.
Matrix stiffness is one of the most important mechanical microenvironments faced by colorectal cancer cells. It regulates the progression, proliferation, invasion, and metastasis of colorectal cancer cells from a variety of cellular pathways. Recent article wrote by Despotovic et al, 12 has found remodeling of the matrix in the uninvolved rectal mucosa 10 cm, 20 cm away from the neoplasm, which is accompanied by an increase in matrix stiffness, indicated that the increase in matrix stiffness in colorectal cancer is not limited to the primary lesion but also to the uninvolved site, suggests an extremely complex effect of matrix stiffness in colorectal cancer.
The Origin of Matrix Stiffness of Colorectal Cancer
During the formation of colorectal tumors, changes in extracellular matrix (ECM) are mainly concentrated in two aspects: increased stiffness and degradation of the matrix. Overexpression of collagen, pathological collagen crosslinking, and fiber arrangement are three major causes of the increased stiffness of the colorectal cancer ECM. Recent experiments conducted by Brauchle et al, 13 have shown that the collagen-rich area in CRC is much stiffer than normal colon tissue and an increased alignment of collagen fibers by comparing colon tissue from the same patient, which suggested that the changes in amount and structure of collagen likely play an important role in the increase of ECM stiffness. Further, the experiment also found an elevated level of glycosaminoglycans (GAGs) activity within the collagen network of colon carcinoma tissues, which imply a potential role of GAG, as a major non-fibrillar ECM component, in ECM remodeling and stiffness.
Lysyl oxidase (LOX) is an enzyme that catalyzes the crosslinking of collagen in extracellular matrices and plays a key role in tissue stabilization and remodeling wound healing and other processes. 14 As early as 2009, Levental et al found the role of LOX in breast cancer. It was found that LOX can increase the matrix stiffness of breast tumors by increasing the cross-linking of collagen. The increased matrix stiffness induces focal adhesions assembly and up-regulates GFRdependent PI3K signaling, which ultimately led to tumor progression. 15 However, in colorectal cancer, the role of LOX is controversial. 16, 17 In 2013, Baker et al explored the role of LOX in colorectal cancer using the cell line expressing a catalytically inactive mutation form of LOX. SW480 tumors overexpressing active LOX were much stiffer than those expressing catalytically inactive mutant LOX, indicating that LOX activity increased matrix stiffness in colorectal cancer. 18 Cancer-associated fibroblasts interact with almost all cells in tumor microenvironments and play a key role in the formation of matrix stiffness. 19 Cancer-associated fibroblasts promote m2 cell polarization by releasing fibroblast growth factor, and polarized m2 cells will increase matrix stiffness by expressing large amounts of TGFβ, promoting fibroblasts to become cancer-associated fibroblasts and forming a positive feedback loop. 20 Cancer-associated fibroblasts can also increase contractility by expressing α-SMA, causing further shrink and stiffen in the tumor microenvironment. 21 
Effect of Extracellular Matrix Stiffness on Colorectal Cancer Biological Behavior and Signaling Pathway Effect of Matrix Stiffness on the Signaling Pathway of Colorectal Cancer Cells
Matrix stiffness affects tumor cells as well as non-tumor cells in multiple different molecular signaling pathways in colorectal tumors, which lead to tumor invasion and metastasis, immune evasion and drug resistance ( Table 1) . Whitehead et al, demonstrated that mechanical strains produced by external forces in a mechanical deformation device can initiate the expression of tumorlike genes in preneoplastic tissues in CRC. In APC knockout healthy mice, mechanical stimulation induces b-catenin phosphorylation, and b-catenin is relocated to the nucleus. Reduction of the linkage between E-cadherin weakened the adhesion within tumor cells as well as cellular adhesion to specific components of ECM, the expression of myc and twist1, two oncogenes regulated through beta-catenin, are triggered. 22 This suggests that the mechanical stimulation of matrix stiffness on colorectal cancer cells can regulate tumor progression through the Wnt/b-catenin pathway. It also implied that matrix stiffness can accelerate the carcinogenesis of precancerous tissues.
Similarly, Fernandez-Sanchez et al, 23 inserted a magnet near the colon in the model mouse, the implanted magnet generated a magnetic force on ultra-magnetic liposomes which quantitatively mimicked ECM stiffness, it was found a rapid Ret activation and downstream phosphorylation of b-catenin on Tyr654, decreasing its interaction with the E-cadherin in adherens junctions. And one month later, an up-regulation of the b-catenin target gene expression was discovered.
We reviewed the relevant literature and found that matrix stiffness affects the Wnt pathway in many types of cells. For example, an increase in matrix stiffness promotes the differentiation of mesenchymal stem cells through activation of the Wnt pathway and maintains the phenotype of chondrocytes 24 . It has also been pointed out that the extracellular matrix can increase the concentration of β-catenin in uterine fibroids through activation of Wnt pathway. 25 These studies suggest that the effect of matrix stiffness on the Wnt pathway of cells is a ubiquitous phenomenon and therefore needs to be taken seriously.
In the previous experiments by Baker et al, 18 it was not only proved that LOX played a key role in the increase of matrix stiffness in colorectal cancer, the experiment also found that LOX-mediated matrix stiffness promoted the invasion and metastasis through b1-integrin activation and FAK/SRC signaling.
Krndija et al, 26 found that receptor-type tyrosineprotein phosphatase alpha (RPTPα) capable of sensing mechanical stimulation was expressed in colon cancer cell SW480. It was found that RPTPα regulates cell contraction by SFK and myosin light chain kinase (MLCK) and leads to a more metastatic property of colon cancer cells. This indicates that matrix stiffness can also regulate the metastasis of colorectal cancer cells by SFK and MLCK. However, in a 2013 study, Luca et al 27 cultured different colon cancer cell lines in a 3D laminin-richextracellular matrix and found low expression of EGFR at the gene level as well as at the protein level, the research also detected an impair of the regulatory genes involved in proliferation. This indicates that the regulation of matrix stiffness for colorectal cancer cells is multifaceted, it also shows that the effect of ECM stiffness on the molecular pathway of colorectal cancer is extremely complicated.
Effect of Matrix Stiffness on Biological Behavior of Colorectal Cancer Cells
The effect of increased matrix stiffness on colorectal cancer is reflected in different aspects, one of the most important aspects is distant metastasis. In a 2010 study, Tang et al 2 found that when cultured HCT-8 cells on a medium stiffness matrix (Polyacrylamide gels with stiffness 21-47 kPa), the epithelial-like phenotype cells (E-cell) gradually changed into a rounded, separated, morphologically-like phenotype (R-cell), and the E-Cadherin between cells showed a significant decrease, indicating that the cells were more likely metastasis. When these isolated R-cells were cultured on medium of different stiffness, they still retained metastasis-like properties. This suggests that matrix stiffness is likely to have an irreversible effect on colon cancer cells, and this effect is ultimately reflected in colon cancer cells that are more likely to metastasize.
Tang et al, 28 further conducted experiments related to E-R conversion. It was found that not only the E-R transformation of HCT-8 cells was present, but also the SW480 and HCT116 cell lines undergo E-R transformation in 1.0 kPa, 10 kPa gels, respectively. Further RNA sequence analysis revealed that the metastasis-related genes in R cells were overexpressed. The experiment found that 11 genes were significantly up-regulated, and most of them were related to tumor proliferation, motility, metabolism. Finally, the experiment tested the deformability of R cells by contact mode of atomic force microscopy and found that R cells have higher deformability, which means that R cells are more likely to penetrate the epithelium of blood vessels. This further demonstrates the extremely complex effects of matrix stiffness on the biological behavior of colorectal cancer cells.
Effect of Matrix Stiffness on the Characteristics of Cancer Stem Cells in Colorectal Cancer Cells
Matrix stiffness can not only increase the possibility of distant metastasis of colorectal cancer but also regulate the characteristics of cancer stem cells (CSC) in colorectal cancer. In a previously listed literature, 28 Tang et al, found that colorectal cancer cells cultured under appropriate matrix stiffness can produce E-R conversion, and R cells are more aggressive. Experiments have also found that more than 90% of R form cells express an identified enzyme -ALDH3A1, which is a marker of various types of cancer stem cells, suggesting that proper matrix stiffness can promote colon cancer tumors to produce cancer stem cells.
Jabbari et al, found that the matrix stiffness of 25kpa was optimum matrix stiffness for colon cancer tumor stem cell growth and molecular marker expression. 29 At this optimum stiffness, the expression level of the tumor Yesassociated protein (YAP/TAZ) transcription factor is also the highest. This experiment only found this interesting phenomenon, it did not further explore the relationship between matrix stiffness and CSC/YAP. In fact, as early as 2011, Dupont et al 30 explored the relationship between YAP/TAZ transcription factors and matrix stiffness and found that YAP/TAZ is regulated by matrix stiffness and cell shape, Rho GTPase and the tension of the actomyosin skeleton were involved in the regulatory process. Subsequent experiments confirmed that matrix stiffness can maintain the tension of actomyosin in tumor cells through the mechanical perception of integrin, and this high tension can be applied to F-actin, which causes F-actin to be stretched, thereby enhancing YAP/TAZ transcription factor activity. 31 In order to explore the effects of matrix stiffness on cancer stem cells and whether YAP activity was involved, we have recently conducted a series of experiments. 32 In our experiment, we found that ECM stiffness remarkably upregulates the expression of CSC markers. Further experiment showed that matrix stiffness can increase the amount of dephosphorylated YAP and its entry into the nucleus. Through the knockout of YAP, we found that there was a significant decrease in the number of clone formation on a matrix with a higher stiffness, but on a substrate with a small stiffness, the number of clone formation did not change much. Thus, we first established a link between YAP and tumor stem cell characteristics in colorectal cancer. After the usage of anti-integrin antibodies and a FAK inhibitor, we finally found a significant decrease of CSC markers on stiff ECM. Although we are the first to propose that matrix stiffness can regulate the stemness characteristics through integrin b1/FAK/YAP pathway, we are not yet able to conclude that the b1/FAK/YAP pathway is a colorectal-specific pathway, we think more experiments are needed to validate it. In addition, our experiments have some limitations: we only chose one cell line, HCT-116, and we only did cell experiments, lacking validation in vivo experiments, we only did 2D experiments, which made our experiment less general. Regarding the effect of matrix stiffness on colorectal cancer, we believe that more genetic research should be done in the future, and genetic research is also lacking in this field. In the future, we should also focus on the clinical impact of matrix stiffness on the prognosis of patients with colorectal cancer.
Effect of Matrix Stiffness on Colorectal Cancer Fibroblasts
Colorectal tumors are solid masses, not only the extracellular matrix and tumor cells, but also fibroblasts, inflammatory cells, and neovascularization are within the tumor. Therefore, matrix stiffness does not only affect tumor cell but also it affects various non-tumor cells such as fibroblasts. In a 2013 study, 33 the researchers found that the morphology of fibroblasts changed significantly as the matrix stiffness increased, from a circular shape to an activated satellite morphology. Increased matrix stiffness can significantly increase the expression of αSMA protein, while αSMA protein expression up-regulates the contractile activity of fibroblasts. Moreover, matrix stiffness also increases the amount of mature FAK in fibroblasts, indicating that matrix stiffness will also change the biological activity of fibroblasts via the FAK signaling pathway.
Johnson et al, 34 also found increased expression of fibrotic genes, reduction of expression of MMPs when increase ECM stiffness. Fiber contraction is mediated by myosin light chain kinase (MLCK), MYLK expression was up-regulated by increased ECM stiffness, thereby promoting fiber contraction. IL-1b is an inflammatory cytokine that induces catabolism by activating MMPs (matrix metalloproteinases) when wounds heal. 35 MMPs mediate the degradation of extracellular matrices and so maintain the balance of extracellular matrix under physiological conditions. When the matrix stiffness increased, the IL-1b and IL-1b reactive inflammatory genes in fibroblasts were inhibited, resulted in a significant decrease in the expression of MMPs, further increased the matrix stiffness. Moreover, the increase in matrix stiffness can significantly repress the expression of the PTGS2 gene, resulted in a decrease in the content of the COX-2 enzyme, which further activated the function of fibroblasts. The increased nuclear localization of the myocardin-related transcription factor (MRTF-A), which activates the αSMA promoter, 36 was also found during the study.
Although the authors have discovered the increased nuclear localization of MRTF-A, there is no specific pathway to explain this phenomena, so in 2014, Johnson et al 37 conducted a series of experiments and found a novel pathway which can eventually explain the preceding phenomena in colon fibroblasts in the presence of increased ECM stiffness. Matrix stiffness, as well as TGFβstimulation, lead to Rho GTPases and ROCK activation, which allows free globular actin (G-actin) to aggregate into filamentous actin (F-actin) in the cytoplasm, and the globular actin bound to MRTF-A also detached. In the meantime, MRTF-A enters the nucleus and interacts with the transcription factor SRF to induce expression of αSMA and MYLK, thereby aggravating fibrosis. These studies have jointly demonstrated that matrix stiffness affects fibroblasts through multiple signal pathways, such as FAK, Rho/ROCK (Rho-associated protein kinase), and MYLK. It also reveals that the effect of matrix stiffness on fibroblasts is extremely complex.
Transformation Therapy for Colorectal Cancer Matrix Stiffness
There are three main approaches to transformation therapy for matrix stiffness: first, targeting the sources of matrix stiffness, preventing matrix stiffness from the outset. Second, the reversible treatment of matrix stiffness. Third, inhibition of downstream pathways caused by matrix stiffness. All three approaches can effectively reduce the effect of matrix stiffness on the tumor. 38 For the sources of matrix stiffness, LOX 39 and cancerassociated fibroblasts 40 can be used as targets to prevent increased matrix stiffness. Growth factors can also be targeted, such as TGFβ 41 PDGF, VEGF. 42, 43 For the downstream pathway of matrix stiffness, integrin, FAK, 44 Rho-GTPase, 45 NF-κB 46 can be used as targets. Although many therapeutic targets for matrix stiffness have emerged, most of these studies have focused on tumors such as breast cancer, and few studies have been aimed at colorectal cancer. Judah Folkman 47, 48 proposed that angiogenesis plays a crucial role in tumor growth and proliferation, then antiangiogenic therapy was widely accepted in the following decades. As an anti-angiogenic drug, the anti-VEGF antibody is widely used in the treatment of metastatic colorectal cancer in combination with chemotherapy, 49 but the survival benefit is modest. The mechanism of resistance is also unclear.
During the chemotherapy of solid tumors, the drug is absorbed into the bloodstream and then enters the interior of the tumor. Therefore, blood perfusion is one of the key factors determining the drug transport efficiency. When the drug reaches the tumor tissue from the blood vessel, free diffusion acts as the main mechanism of drug transport. In a review by Jain et al, 50 summarized the barriers to delivery of cancer therapeutics and concluded that the dense and heterogeneous structure of ECM in solid tumor are critical determinants of interstitial transport.
Recently, an article wrote by Rahbari et al, 51 explored the role of antiangiogenic therapy in the deposition of the extracellular matrix of mCRC and conducted research in which regarded tumor vascular perfusion as an acquired resistance mechanism in liver metastasis of colorectal cancer. It was found that the expression of hyaluronic acid (HA) and sulfated glycosaminoglycans (sGAG) was significantly elevated in liver mCRC tissues from patients treated with preoperative bevacizumab and chemotherapy. Anti-VEGF treatment was also found to increase tumor Figure 1 Increased matrix stiffness can affect cells in different signaling pathways in colorectal cancer (CRC). Increased matrix stiffness can induce the activation of Wnt/βcatenin pathway in CRC cells, then 1) promote the translocation of β-catenin into the nucleus, and initiate a series of changes in gene level, leading to the proliferation and metastasis of CRC cells, 2) Promote the detachment of β-catenin from E-cadherin, resulting in instability of cell-to-cell connections and promoting metastasis. An increase in matrix stiffness can also increase the translocation of YAP to the nucleus via the FAK/Src pathway, thereby altering the characteristics of the tumor stem cells. The increase in matrix stiffness also promotes the conversion of Rho GDP to Rho GTPases. The activation of Rho 1) induces myocardin-related transcription factor A (MRTF-A) to remove G-actin, enter the nucleus to participate in a series of regulation, and 2) increase the myosin light chain kinase (MLCK) and promote cell contraction. Black arrows indicate events in which a series of effects of matrix stiffness on the cellular pathway occur.
stiffness. Due to Immune cells such as myeloid-derived suppressor cell (MDSC) play a key role in liver fibrosis, tumor progression, and resistance to anti-angiogenic therapy, 52 researchers investigate the potential function of MDSC in ECM deposition after anti-VEGF therapy by selectively depleted those immune cell populations and found that accumulation of HA and sGAG is independent of the tumor infiltration by MDSC. Since hepatic satellite cells (HSC) are the main source of liver matrix synthesis, experiments explored the relationship between HSC and HA deposition. The experiment found that the deposition of HA is probably due to the activation of HSC caused by hypoxia. The researcher then deleted HA by treated the model mice with intravenous administration of polyethylene glycol conjugated (PEGylated) hyaluronidase (PEG-HAse), found that targeting HA increases perfusion and improves the efficacy of chemotherapy in liver metastases CRC after anti-VEGF therapy. This experiment found a mechanism that can partially explain acquired resistance, provides a better perspective for the treatment of advanced colorectal cancer and provides ECM-related therapeutic targets for the treatment of colorectal cancer.
In a further study, HSCs can be used as a direct target to explore new ways to improve drug delivery efficiency in colorectal cancer. In previous experiments, 53 Ding et al, found that vitamin D receptor ligands inhibit the activation of HSC cells through the TGFβ pathway, so vitamin receptor ligands may be an additional strategy. In another study conducted by Dou et al, 54 ECM stiffness can increase of nuclear targeting of p300, a histone acetyltransferase that regulates transcription, thereby increasing p300-dependent transcription of αSMA, ultimately leading to activation of HSC. Therefore, p300 can be used as a new therapeutic target to reduce the activation of HSC, thereby reducing the acquired resistance of liver metastasis colorectal cancer.
Future Expectations
Although there are many studies that concentrate on matrix stiffness, and the researchers also found the effect of matrix stiffness on many different pathways in CRC (Figure 1 ), the perception of this effect is still at a relatively shallow level. At present, it is only roughly known matrix stiffness affects which pathway, and which molecules participate in that process, the more complete and concrete analysis is very rare. For example, Johnson et al proposed a complete pathway in their experiments, and this pathway is not an existing classical pathway, which provides a new perspective for this field, rather than just verified the classical pathway. Moreover, most of the current researches are limited to the influence of the mechanical microenvironment on colorectal cancer, few experiments can indicate how mechanical stimulation works together with biochemical factors to promote the progression of colorectal cancer. Therefore, the future direction should be 1) to explore the more concrete signal pathways about the effect of matrix stiffness on CRC. 2) to explore the combined effects of matrix stiffness as well as other mechanical stimuli and biochemical factors on the progression of colorectal cancer. Only when a very clear mechanism of these pathways is discovered can new therapeutic targets for the mechanical microenvironment be found from these concrete mechanisms. In addition, the study of matrix stiffness in colorectal cancer is relatively less compared to solid tumors such as breast cancer. Since colorectal cancer cells face an extremely complex mechanical environment, future research directions should include searching for a new approach that can mimic the real mechanical microenvironment of colorectal cancer cells.
